Variations in a lake area constitute an important indicator of the modifications of the lake hydrology. This paper explores the inter-annual variations of the Poyang Lake area during the dry seasons occurring within the 1961 to 2010 period and further quantifies the severity of dryness recently endured during the 2000s. A physically based hydrodynamic model of Poyang Lake established the relation between the lake area and lake level. The lake area was calculated using the observed lake water level.
INTRODUCTION
Lakes are valuable economic resources (fresh water resources, cultivation, fishing) for the human population and play an important role in regional ecological and environmental issues (Beeton ; Lehner & Döll ) .
Lake areas are sensitive to climate change and human activity, and therefore provide an excellent indicator of climate/anthropogenic forcing and regional responses (Ma et al. ) . Lake areas provide essential information on the characterization of hydrological dynamics (Hervé et al. ) . Monitoring their inter-annual variation is critical to the understanding of the change in water balance (Huang et al. ) . Consistent variations in lake area were shown to cause serious environmental problems, and to greatly affect the available freshwater resources. This leads to an adverse evolution of regional ecological environment and wetlands (Cui ; Fang et China has a large number of lakes having a rich cultural, ecological, and economic history. However, over the last half century, nearly 13% of Chinese lakes have undergone a remarkable reduction in lake area (Ma et al. ) . The Poyang Lake, located in the middle reach of the Yangtze River, is the largest freshwater lake of China and is recognized internationally as an important wetland. The lake is a valuable resource of freshwater and provides the largest winter habitat for more than 90% of Siberian migratory birds (Kanai et al. ; Xia et al. ; You et al. ; Han et al. ) . During the 1990s, severe flooding occurred (1992, 1995, 1997, and 1998) , with the 1998 flood being the most severe ever recorded ( Jiang & images from 1973 to 2010. These previous efforts have failed to solve the remaining problems regarding the significance of the lake area shrinkage in the 2000s relative to earlier and longer time periods. It is essential to assess quantitatively the severity of the dry periods affecting Poyang Lake, so that a complete knowledge of the degree of variations in lake area since the last decade can be obtained. We will establish a comparison relative to the early periods when the impact of human activity was small.
There exist a number of approaches to calculate lake areas. 
)
to study the hydrodynamics of the Poyang Lake-River system. The advantages of hydrodynamic models to capture the spatial and temporal variations in lake level and lake area at high resolution enabled us to adopt the existing Poyang Lake hydrodynamic model (Li et al. ) to establish the relation between lake area and lake level for a defined period. The relation was then applied to calculate the lake area for the entire period of study, based on the observed lake level.
This study will analyze the long-term variations of the Poyang Lake area during the dry seasons through the lake area-lake level relation. The main objectives are to: (1) establish the time evolution of the Poyang Lake area during the dry seasons for the period starting in 1961 and ending in 2010; (2) analyze the inter-annual variations of the lake area and quantify the severity of the lake area shrinkage during the last decade; and (3) discuss the possible mechanism causing the lake to dry and the potential impacts on the wetland ecosystem.
MATERIALS AND METHODS

Study area
Poyang Lake (28 W 24 0 -29 W 46 0 N latitude and 115 W 49 0 -116 W 46 0 E longitude) is located in the middle reach of the Yangtze River (Figure 1(a) ). The lake flows into the Yangtze River by a natural narrow channel located to the north (Figure 1(b) ). The lake receives surface runoff from the local catchment composed of five major rivers: Xiushui, Ganjiang, Fuhe, Xinjiang and Raohe. The lake bottom elevation decreases from south to north (Figure 1 
Data collection
The bathymetry of Poyang Lake was determined by the surveyed data obtained in 1998 with a resolution The flow rates E ns , R 2 , and R e values at Hukou for the 2006 to 2010 period were 0.93, 0.95, and À1.8%, respectively. The results of the simulation for the Poyang Lake area were obtained for the period 2000 to 2010 to establish the relation between the lake area and lake level.
The relation between the Poyang Lake area and lake level
Based on simulated results, the relations between the lake area and lake level at four gauging stations (Xingzi, Duchang, Kangshan, Hukou) during periods characterized by low lake levels from October to March are shown in Figure 2 . We note the presence of the hysteretic effect in every instance. The relation at Duchang demonstrates the smallest degree of hysteresis, which is explained by its location near the center of the lake (Zhang & Werner ) . Therefore, the data points collected at Duchang station were used to generate a linear regression equation (Equation (1)) (with an R 2 of 0.95 that is used to compute the area of Poyang Lake from 1961 to 2010):
where x is the observed lake level at the Duchang station; y is the corresponding lake area.
Determination of dry seasons
A cumulative probability analysis of the water levels at
Duchang station allowed detection of the dry seasons ( Figure 3) . The water attaining a level having <25% probability to occur, e.g., 11.56 m, is adopted as the upper limit of the dry seasons. Thus, the dry seasons in this study were those when the water levels were less than 11.56 m.
The year 2002 was excluded, since the water level was consistently >11.56 m for the entire year. Figure 4 (a) illustrates the variations of the mean, minimum, and standard deviation (SD) of the Poyang Lake area during the dry seasons occurring from 1961 to 2010. During this period, the average lake area varied considerably, averaging 1,015 km 2 . The SD ranged from 13.9 km 2 (minimum in 1997) to 161.7 km 2 (maximum in 1971), which indicated an important multi-year variability of the lake area. For example, the average lake area for 2008 was 834.5 km 2 , which was 429 km 2 (34.7%) less than that of 1997
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(1,277.7 km 2 ). Moreover, the minimum lake area varied from 702.8 km 2 (on January 28, 2009) to 1,259.7 km 2 (on November 13, 1997) resulting in a large difference of ∼550 km 2 . In addition, the average and minimum lake area remained consistently low in 2007-2010, e.g., 866 km 2 and 714 km 2 , respectively (Figure 4(a) ). An extremely small lake area (∼714 km 2 ) characterized the 2007 to 2010 years, but not before the 2000s.
Lake area averages over decades were also calculated.
The largest decadal average lake area occurred in the 1990s and the lowest in the 2000s. The decadal average lake area in the 2000s (950 km 2 ) decreased by 166 km 2 relative to that in the 1990s (1,116 km 2 ). It decreased by more than 124 km 2 compared to that obtained from 1961 to 2000. Figure 4 (b) depicts the difference in long-term average lake area relative to that of anomalous values. The average lake area anomalies became almost negative during the 2000s, indicating the lake was submitted to severe dry condition in the 2000s relative to other periods. Although the lake dryness was well reflected in the observed lake water levels, the changes in lake area provided additional information on the magnitude of water loss.
The discharges of the catchment (Figure 4(c) ) and the Yangtze River (Figure 4(e) ) are presented in Figure 4(d) and 4 to explore the relative significance of their correlations with the variation of lake area (Figure 4(a) , 4(c), and 4(e)). The correlation of the lake area with the catchment discharge is better with an R 2 value of 0.51 than that of the Yangtze River (R 2 ¼ 0.13). Figure 4 for the catchment discharges (Figure 4(d) ). Moreover, only 15 years were characterized by negative river discharge anomalies (Figure 4(f) ). These results indicate the catchment discharge had generally a greater impact on the lake area than the Yangtze River discharge during the dry seasons.
However, it should be acknowledged that the above correlation relationship is only statistically meaningful. We 
CONCLUSIONS
This study presented long-term variations in the Poyang Lake area for dry seasons occurring from 1961 to 2010.
The average lake area for the 1961 to 2010 period was 1,015 km 2 , and the minimum lake area varied from 702.8 km 2 to 1,259.7 km 2 . Regarding the last 50 years, the lake experienced the lightest dry conditions during the 1990s and the most severe during the 2000s. The lake area shrank by 124 km 2 from 2001 to 2010, compared to that for 1961-2000. This paper improved upon the previous studies by constructing a time sequence for the lake area data collected for the past 50 years, and quantifying the dry condition of the 2000s.
Using a simple correlation analysis, our work showed the lake area during dry seasons correlated significantly with the catchment inflows. This indicates any decrease in rainfall in the catchment could result in a decline of the lake area during the dry seasons. This also implies that optimized operation of the hundreds of reservoirs located in the catchment could help resolve the problem of dry conditions. Furthermore, the proposed construction of a hydraulic dam near the lake outlet may also be an adequate measure to maintain the lake water at an appropriate level. The dam would mitigate the impacts of unusual dryness on the wetland ecosystems and water supply for local residents and agricultural activity.
Application of the physically based hydrodynamic model in determining the lake area was successful. Poyang Lake presents a highly dynamic lake-floodplain system, and the model demonstrated the capability of capturing the temporal and spatial lake area variations at a satisfactory resolution. We could apply this model to similar lake systems around the globe as an alternative method to investigate hydrological changes when other data sources are limited.
